The PDRE test model used in these experiments utilized kerosene as the fuel, oxygen as oxidizer, and nitrogen as purge gas. The solenoid valves were employed to control intermittent supplies of kerosene, oxygen and purge gas. PDRE test model was 50 mm in inner diameter by 1.2 m long. The DDT (deflagration to detonation transition) enhancement device Shchelkin spiral was used in the test model.
Pulse detonation rocket engine (PDRE) has attracted considerable research interests in recents years as chemical propulsion systems potentially offering improved performance and reduced complexity compared to conventional steady-state liquid rocket engines. Unlike conventional steady-state rocket engines, which use constant pressure combustion, PDREs utilize the high-energy release rate and thermodynamic characteristics of detonation waves to produce thrust [1] . This enables PDREs to operate at higher thermodynamic efficiencies. Furthermore, since the reactants are injected into a PDRE at relatively low pressures, the need for 1 steady-state liquid rocket engines, is eliminated. The combustion cycle of the PDRE involves the cyclical filling, detonationing, and purging of a long, typically cylindrical detonation tube that is closed at one end and open at the other. A fuel-oxidizer mixture is injected into the detonation tube at or near the closed end. Once the tube is full charged, the reactive mixture is ignited near the closed end and a detonation wave eventually forms. Once the detonation wave reaches the open end of the detonation tube, the pressure difference causes rarefaction waves to progress toward the closed end and the burned products are expelled. After the products are expelled, a fresh fuel-oxidizer mixture charge is injected and the process is repeated.
Each detonation wave formed by this process generates the high pressure needed to produce thrust. Due to the cyclical nature of the PDRE, the thrust is produced in discrete pulses rather than in a continuous fashion as in a conventional steady-state liquid rocket engine. As the frequency of detonation increases, the thrust becomes quasi-steady and can be considered as nearly continuous.
Up to now, most of the literatures on PDRE have dealt with gaseous fuels [2] [3] [4] [5] [6] . In the study of Jiro Kasahara et al. [5] , ethylene was used as fuel. Little work was performed in the area of liquid hydrocarbon. However, liquid hydrocarbon fuels are attractive to volume-limited aerospace systems. In the paper, kerosene was used as fuel.
Nozzle is one of the key components of PDRE. The motivation of this study was using nozzle to improve the performance (thrust and specific impulse) of PDRE. The use of nozzles in conventional steady liquid rocket is well understood. Contrary to nozzles in steady rockets, the PDRE nozzles operate in unsteady conditions and their design and optimization require consideration of the multi-cycle operation process comprehensively.
In the paper, the multi-cycle detonation experiments with liquid kerosene-oxygen mixture were conducted on the PDRE test model. The effects of detonation frequency on its time-averaged thrust and specific impulse were experimentally investigated. In addition, the performance parameters of PDRE test model and the effects of nozzles on its performance were experimentally investigated.
Some Considerations About Multicycle
Detonation Experiments
Purge gas buffer
There are two failure modes of detonation initiation, one being premature ignition and the other DDT failure [7, 8] . To prevent reactive mixture from premature ignition, a purge gas buffer is required to separate burned products from fresh fuel-oxidizer mixture. The experiment of Ref. [9] showed that, if no purge gas is utilized during the experiments of PDRE or less than enough, the fresh kerosene-oxygen mixture will have premature ignition. In Ref. [5] , helium was used as purge gas. In this paper, nitrogen was used as purge gas instead.
Timing sequence
In PDRE, the oxidizer, fuel and purge gas are injected into the detonation tube intermittently. In the paper, solenoid valves were employed to control the intermittent supplies of oxidizer, fuel and purge gas. In the beginning of a cycle, the fuel and oxidizer valves were opened; the detonation tube was charged with fuel and oxidizer mixture. Valves sealed the detonation tube when the mixture was filled. After that, ignition signal was sent and the purge gas was charged at the end of detonation cycle. The timing sequences of solenoid valves and ignition are shown in Fig.1 . 
Detonation initiation
One of the challenges remains in initiation of detonation in PDRE in a reliable and controllable manner. Detonation can be initiated either directly or by deflagration flame acceleration followed by a deflagration-to-detonation transition (DDT) process. Direct initiation of detonation requires a prohibitive amount of energy, which is not practical for PDRE. However, DDT occurs at lower-energy release rate. It was found that as long as the transition occurs within the length of the detonation tube, the specific impulse obtained is the same as that formed by direct detonation initiation [10] . DDT process is based on some factors [8] , such as turbulence produced during filling process, some kind of DDT enhancement devices, the heat transferred to tube wall by preceding cycle and so on. One of the most common means of shortening DDT distance is to make use of the aid of Shchelkin spiral. For kerosene-oxygen used in this paper, it was possible to achieve DDT detonation initiation in detonation tube with low ignition energy.
Experimental setup
Based on the above considerations, an experimental setup was established to investigate the multicycle operation of PDRE. The schematic of PDRE experimental setup is shown in Fig.2 . The supply system is composed of oxygen-nitrogen tanks, and the fuel supply is pressured by compressed nitrogen. The solenoid valves used to control the supply of oxygen, fuel, and nitrogen are specially customized. The solenoid valves and spark plug are controlled by the control and ignition system. The spark plug igniter used in experiments has initiation energy of around 50 mJ. The flow rates of kerosene and oxygen are measured by flow meters. The thrust test bed has two parts: standing part and moving part. Detonation tube is fixed on the moving part and a load cell is fixed between standing part and moving part of thrust test bed. The detonation tube is constructed of stainless steel pipe with 50 mm in inner diameter by 1.2 m long as shown in Fig.3 . The igniter port is 150 mm from the thrust wall. There are three pressure transducer ports along the detonation tube. They are 0.6 m, 0.7 m, and 0.8 m from the thrust wall, respectively. DDT enhancement device Schelkin spiral is 0.45 m long. The Schelkin spiral has a pitch of 50 mm and outer diameter of 50 mm. Kerosene is injected through a fuel injector as shown in Fig.4 . The ports of oxygen and purge gas, and fuel injector are located at the thrust wall. 
Test conditions
For all experiments in this paper, the initial pressure and temperature were 1 atm and around 20℃, respectively. The range of mixture equivalence ratio was between 0.6 and 1.6. The detonation frequency changed from 10 Hz to 20 Hz. In injection conditions, the kerosene-oxygen flow rates depended on the volume of detonation tube, equivalence ratio, and detonation frequency.
Data ascquisition
The pressure transducers used in the experiments were SINOCERA pressure transducers (CY-YD-205). The pressure transducers could be employed to survey the pressure profiles and velocities of the detonation waves. For example, detonation wave at a speed 2 000 m/s propagated over 300 mm distance between two transducers in 150
The response time of the pressure transducers was 2 μ So the typical time-of-arrival measurement error is ± 2 Therefore, the velocity measurement uncertainty was approximately ± 2%.
μs.
s.
The load cell (Kistler force sensor 9331B) was employed to survey the dynamic force data of the thrust test bed. The time-averaged thrust of PDRE test model was gained through the dynamic force by time averaging. The data acquisition system included a personal computer and four data acquisition boards. Fig.5 shows the pressure profile surveyed in the test model at detonation frequency of 10 Hz. The peak pressures reaches 2 MPa at the Loc 1 and Loc 2. The peak pressures reaches 2.9 MPa at the Loc 3, which is 19.4% less than the valve calculated from CEA [11] code. The rising edge of the pressure profile is 10 μ quantitatively. In consideration of the effects of liquid-gas two-phase flow, the detonation is achieved at the Loc 3.
Results and Discussion

Detonation property
s. m/s and 2 000 m/s. The waved speed obtained is 11%-36% less than the value calculated from CEA code. In consideration of the effects of liquid-gas two-phase flow, the response time of pressure transducer and the limitation of sample rate, the result is acceptable.
Effects of detonation frequency
As the frequency of detonations increases, the thrust becomes quasi-steady and can be regarded as nearly continuous. Therefore, it is important to increase the detonation frequency. The PDRE test model was operated at three detonation frequencies (10 Hz, 15 Hz and 20 Hz). The time-averaged thrust and mass flows of kerosene and oxygen were measured. In addition, specific impulse of test model was calculated from time-averaged thrust and mass flows of kerosene and oxygen. Table 1 provides the mass flows of kerosene and oxygen surveyed during the experiments. Fig.6 and Fig.7 shows the time-averaged thrusts and specific impulses of PDRE test model obtained from the experiments, respectively. While at the 15 Hz, the specific impulses are around 115 s, which is a little bit lower. The reason needs to be further experimentally investigated.
Effects of nozzle
The test model without nozzle was the baseline for nozzle experiments. Three traditional nozzles were constructed and investigated. They were convergentnozzle (C Nozzle), convergent-divergent nozzle (CD Nozzle), and divergent nozzle (D Nozzle). The sketches of the nozzles used in the experiments are shown in Fig.8 . The detonation frequency was set at 15 Hz and the flow rates of oxygen and kerosene were fixed approximately. The time-averaged thrusts and specific impulses of PDRE test model without nozzle and with nozzle are given by Table 2 .The experimental results obtained have demonstrated that all of those nozzles can augment the thrusts and specific impulses of PDRE test models. Among those three nozzles, the convergent nozzle had the largest thrust and specific impulse augmentations, which were approximately 18%. 4 Conclusions
(1) An efficient and reliable technique of multicyle detonation initiation with low initiation energy (50 mJ) was developed by means of effective DDT enhancement device Shchelkin spiral. The solenoid valves were employed to control the intermittent supplies of kerosene, oxygen, and purge gas.
(2) The effects of detonation frequency on time-averaged thrust and specific impulse of PDRE test model were experimentally investigated. The obtained results showed that the time-averaged thrust of PDRE test model was approximately proportional to the detonation frequency.
(3) The effects of nozzle on PDRE performance were experimentally investigated. Three traditional nozzles were chosen. The results demonstrated that all of those nozzles could augment the thrust and specific impulse. Among those three nozzles, the convergent nozzle had the largest thrust and specific impulse augmentations, which were approximately 18%, under the specific conditions of the experiments.
